Abstract: Broccoli is an important vegetable crop belonging to the genus of Brassica. However, it is often affected by biotic and abiotic stresses that result in large losses in yield and quality. Genetic manipulation has opened the opportunity for germplasm improvement of broccoli. In this study, an efficient shoot regeneration and Agrobacterium-mediated transformation system was established. The optimum medium for shoot induction was selected for three types of explant including hypocotyl, petiole, and peduncle, and up to 90% regeneration frequency was obtained. The transformation procedure was developed with the EHA105 strain, harboring the PUC19 vector, along with the target gene of codA and a hygromycin-resistance gene. Several factors were optimized, including hygromycin concentration for selection and the Agrobacterium density yielding the highest transformation frequency. Among the three types of explants, peduncle explants showed the highest response to this procedure, and the highest frequency of transformation (3.4%) was obtained depending on the analysis of polymerase chain reaction and Southern blot. In conclusion, the present study introduced a reliable system for plant regeneration and genetic transformation with three types of explants for a DH line of broccoli, and peduncle explant resulted in the highest transformation frequency.
Introduction
Broccoli (Brassica oleracea var. italica) is an important vegetable crop in the genus Brassica, which contains numerous nutrients, especially vitamins, calcium, and iron (Shelp 1987) . Conventional breeding of this crop has improved crop quality and productivity, but the breeding programs of broccoli are greatly restricted by its poor germplasm resources and narrow genetic base. The application of genetic engineering to broccoli varieties could enhance the speed and quality of new varieties generation (Henzi et al. 1999; Chen et al. 2008 ). However, a prerequisite for transferring genes into plants is the availability of an efficient regeneration and transformation system.
Numerous studies reported the successful shoot regeneration of broccoli from various tissues including hypocotyl (Ravanfar et al. 2009; Chen et al. 2008) , leaf discs (Cao and Earle 2003) , cotyledon (Huang et al. 2011) , and petiole (Kumar and Srivastava 2015) . Several of these procedures have also been selected for genetic transformation. However, the capacity for shoot induction of broccoli is markedly influenced by genotype and the average transformation frequency is relatively low (Cao and Earle 2003; Sparrow et al. 2004; Qin et al. 2007) .
Curd is the commodity organ of broccoli, but also its reproductive tissue. It is composed of many specialized buds possessing strong meristematic capacity. Therefore, the peduncle is the preferred tissue for shoot induction and transformation. Although plant regeneration from peduncle explants of broccoli has been achieved by Christey and Earle (1991) , the regeneration frequency was highly cultivar-dependent and the lowest frequency of shoot induction was only 41%. Moreover, these investigators used mostly F 1 varieties, and progeny analyses of those materials are often difficult, owing to background heterozygosity. The better alternative is doubled haploid (DH) lines, which not only are genetically uniform, but also show complete homozygosity (Ferrie et al. 2010) . Moreover, the optimized DH lines might be directly selected as sexual parents for the F 1 hybrids generation.
The aim of this paper was to establish a reproducible procedure for efficient plant regeneration and transformation of broccoli (a DH line). The study investigated the frequency of plant regeneration from explants of hypocotyl, petiole, and peduncle.
Materials and Methods

Plant materials
A DH line of broccoli (LX3-8), derived from a microspore culture of var. Lvxiong90, was used in this study. Seeds were sterilized by soaking in 0.1% mercuric chloride for 4 min and then rinsed by sterile water three times. After that, the sterile seeds were transplanted to the hormone-free MS medium for germination (Murashige and Skoog 1962) . Seedlings 5-6 d old were used to obtain hypocotyl and petiole explants, whereas peduncle explants were obtained from the curd of 90-100 d old glasshouse-grown plants of broccoli that had already undergone vernalization. The pH values of all media used in this study were adjusted to 5.8 before autoclaving. Cultures were maintained at 25°C under a 16 h photoperiod with a photosynthetic photo flux density of 50 μmol·m −2 ·s −2 provided by cool white lamps.
Callus initiation and shoot regeneration
Hypocotyl (0.5−0.8 cm) and petiole (0.5−0.8 cm) explants were excised from 5−6 d old sterile seedlings. Peduncle (0.5−1.0 cm) explants excised from curd of in vivo to grown plants were sterilized as described above. Parameters recorded were the proportion of explants generating shoots (%) and the average number of shoots generated by each explant. Data were collected after five weeks of culture, whereas growth characteristics were observed daily.
Hygromycin-sensitivity analysis and bacterial strains
To detect the effect of hygromycin in selecting transformed plants, all types of explants were placed prior to infection on optimum medium for shoot initiation containing 0−18 mg L −1 hygromycin. Shoot regeneration was observed after 5-6 wk. Transformation was performed using the strain EHA105 (Agrobacterium tumefaciens) containing the binary vector PUC19. The T-DNA of PUC19 harbored hpt, a hygromycin-resistance gene, and codA, a gene for choline oxidase enhancing tolerance to osmotic stress (Fig. 1) . The vector was kindly provided by Professor Zhu of the Chinese Academy of Forestry.
A. tumefaciens-mediated transformation
A single colony of A. tumefaciens strain EHA105 harboring PUC19 was grown and selected in YEP medium containing 50 mg L −1 of hygromycin and 100 mg L −1 of rifampin. The cultures were incubated overnight at 28°C and 150 rpm in a shaker. The liquid of A. tumefaciens was cultured overnight to be an OD 600 value of 0.6, which was diluted to ODs of 0.1, 0.2, 0.3, 0.4, and 0.5 with MS medium containing 150 μM of acetosyringone. The three types of explant were pre-cultured on the optimum shoot regeneration medium (OSRM) for two days and were then soaked in the A. tumefaciens suspension with specific concentration for 2 min. The excess bacteria on explants were removed by putting them on sterile filter paper and then they were transplanted to the OSRM for co-cultivation at 25°C in darkness for two days. The infected explants were washed with MS medium containing 400 mg L −1 of carbenicill and were then transferred to OSRM with the addition of 300 mg L −1 of carbenicillin. After a preselection period of seven days, all the explants were transplanted on the selection medium for recovery of transformants. Data were collected after five weeks of pre-selection culture, whereas growth characteristics were observed daily. Regenerating resistant shoots were removed from calli and transferred to MS medium fortified with 0.1 mg L −1 of NAA, 300 mg L −1 of carbenicillin, and 6 mg L −1 of hygromycin for rooting.
DNA isolation and polymerase chain reaction (PCR) analyses
The genomic DNA of all the regenerated plants were extracted from leaf tissues with the cetyltrimethylammonium bromide method (Paterson et al., 1993) . The untransformed plants were selected as control (NT). For PCR analysis of transformants, a pair of primers specific to the codA gene was employed: 5′-AAC ATC GAG AAC CTG AGC GAC AGG-3′ and 5′-AGC ATC AAC AGC TTC GGC GTA TC-3′. PCR analysis was performed in 25-μL volumes, each containing 10 ng of genomic DNA, 2.5 μL of 10 × PCR buffer, 1 μL 0.1 M MgCl 2 , 0.5 μL of 10-mM dNTPs (Sigma), 10 ng of each primer, and 1.5 U Taq DNA polymerase (Sigma). The reaction mixture was overlaid with 20 μL of mineral oil. The mixture was preheated for 5 min at 94°C, and then 35 cycles of amplification were performed for 45 s at 94°C, 45 s at 62°C, and 60 s at 72°C. An additional cycle of 10 min at 72°C was used for primer extension. The amplified samples were electrophoresed in 1.25% agarose gels in 1 × TAE (Tris-acetate-EDTA) buffer.
Southern blot analysis
For the analysis of Southern blot, genomic DNA was extracted from putative transformants and NT broccoli plants. The extracted DNA (20 μg) was digested overnight with HindIII at 37°C and then electrophoresed by agarose gel (1.2%) at 20 V overnight. The fractionated DNA was blotted onto a hybond nylon membrane by capillary siphon transfer as described by Sambrook et al. (1989) . An 829-bp DNA fragment of the codA gene was Dig-labeled and then hybridized with the blotted membrane following the manufacturer's instructions (Roche kit I, USA). Subsequent washing and detection were performed according to the same protocol. Transformation efficiency in this study was evaluated by the number of explants that regenerated transformants/total number of explants infected × 100.
Results
Optimizing culture conditions for shoot regeneration
In this study, a total of 20 different combinations of 6-BA and NAA concentrations were used for shoot regeneration. The best combinations were determined for each type of explant depending on the shoot regeneration frequencies. Overall, at a fixed 6-BA concentration, the addition of different concentrations of NAA resulted in marked increase in the percentage of explants regenerating shoots, but the percentage was markedly reduced when the 6-BA concentration reached 5 mg L −1 (Table 1) .
For hypocotyl explants, Mf was selected to be the optimal medium because of high regeneration frequency (91.6%) and the number of shoots regenerated from each explant (7.2, Table 1, Fig. 2a) . Although Mj and Mo yielded similarly high rates of plant regeneration (91.3% and 91.6%, respectively), most regenerated shoots were vitrified and did not elongate and root. Mf was also selected as the best medium for peduncle explant because it showed maximum regeneration efficiency (94.3%) and the highest number of shoots regenerated from each explant (8.2, Table 1, Fig. 2b ). For petiole explants, the medium yielding the maximum regeneration efficiency (91.2%) and a relatively high number of shoots per responding explants was Mb (6.8, Table 1 , Fig. 2c ). Overall, peduncle explants showed higher shoot regeneration response than petiole or hypocotyl explants did.
Determination of hygromycin concentration for selection of transformants
To determine the minimum concentration of hygromycin for selecting transformants, we tested the inhibitory effect of hygromycin on shoot regeneration from broccoli hypocotyl, petiole, and peduncle explants at concentrations of 3, 6, 9, and 12 mg L −1 . The minimum concentration of hygromycin that completely inhibited shoot regeneration from hypocotyl and petiole explants was 6 mg L −1 and that for peduncle explants was 9 mg L −1 . These two concentrations were subsequently used for selecting transformants (Fig. 3) .
Agrobacterium-mediated transformation
The shoot regeneration media and appropriate concentrations of hygromycin (Mf and 6 mg L −1 of hygromycin for hypocotyls; Mb and 6 mg L −1 of hygromycin for petioles; Mf and 9 mg L −1 of hygromycin for peduncles) selected above were used for A. tumefaciens-mediated transformation. Before inoculation, all explant types were precultured on the medium for two days. The effect of Agrobacterium density on transformation efficiencies was assessed by inoculation of precultured explants with OD 600 of 0.1, 0.2, 0.3, 0.4, and 0.5 for 2 min. The results indicated that hypocotyls were the organs most sensitive to Agrobacterium and that resistant shoots could regenerate only with OD 600 of 0.1 (Table 2) . A more concentrated bacterial suspension induced necrosis and failure to regenerate shoots. Explants of petioles and peduncles were found to be more tolerant to Agrobacterium than hypocotyls, and the resistant shoots regenerated with OD 600 of 0.2 and 0.3, but the regeneration frequency was different from each other (Fig. 4) . Depending on the number of resistant plants regenerated from the selected medium, an OD 600 of 0.2 was suitable for explants from petioles, whereas for peduncles, the optimum OD 600 was 0.3 (Table 2) . A more concentrated Agrobacterium suspension also resulted in necrosis of explants and failure of shoot regeneration.
Selection and confirmation of transformants
To verify the presence of the codA gene in hygromycinresistant plants, we performed PCR analysis of genomic DNA from all the regenerated plants. Using the selected primers specific to the codA gene, a PCR product of the expected 829 bp size was amplified from transgenic plants. No amplification product was detected in samples from control plants. This result indicated that the transgene (codA) had been integrated in the genome of these broccoli plants (Fig. 5a ). For the three types of explants, all hygromycin-resistant regenerants showed the predicted fragments of the target gene.
Southern blot analysis confirmed the genomic integration of the codA gene in PCR-positive plants. Different hybridization patterns indicated that the T-DNA had inserted in different locations in the broccoli genome in different transgenic plants (Fig. 5b) . The copy numbers of the target gene in the transformed broccoli genome in the three types of explants are presented in Table 3 . Based on the results of molecular detection, the highest transformation efficiency was obtained for peduncle explants (3.4%), followed by petiole (1.3%) and hypocotyl (0.8%) explants. 
Discussion
Many studies have achieved in vitro culture of broccoli from hypocotyl segments, peduncle, and primary leaf discs (Christey and Earle 1991; Metz et al. 1995; Cao and Earle 2003; Chen et al. 2008; Ravanfar et al. 2009 ). However, of all B. oleracea vegetables, broccoli is reported to be recalcitrant to genetic transformation and few successes in its genetic transformation have been reported (Henzi et al. 1999; Chen et al. 2008 ). The present study provided reliable regeneration systems for explants of hypocotyl, petiole, and peduncle of broccoli. Agrobacterium-mediated transformation with the codA gene for choline oxidase was also successfully performed in broccoli, a result not previously reported.
Efficient regeneration is the major prerequisite for the success of Agrobacterium-mediated transformation (Cosic et al. 2015) . In the present study, the optimum media for shoot induction were established for explants of hypocotyl, petiole, and peduncle, and up to 90% regeneration frequency was obtained. Moderate concentrations of 6-BA showed better shooting response, but a higher concentration (5 mg L −1 ) showed inhibitory action. In this paper, the addition of NAA to medium already containing 6-BA markedly improved the rate of shoot induction. These findings are in accord with the observations of Bhalla and Nicole (1998) and Guo et al. (2000) for other Brassica species. However, Ravanfar et al. (2009) reported that the highest frequency of shoot regeneration in broccoli was obtained with 3 mg L −1 of 6-BA alone using hypocotyl explants, a difference that may have resulted from the different genotypes used. The type and concentration of antibiotic were the two major parameters in the establishment of an effective transformation system Subramanyam et al. 2015) . For dicots, antibiotics widely used for selection of transformed plants are kalamycin and hygromycin. However, for some Brassica species, the kalamycin selection system does not prevent escapes (Mukhopadhyay et al. 1992) . In the present study, the antibiotic hygromycin was used in selection of broccoli transformants. The sensitivity of hygromycin depends on the type of explant used. Explants of hypocotyl and petiole tend to be more sensitive to hygromycin, and shoot regeneration for both was completely inhibited at 6 mg L −1 . However, for peduncle, the concentration of hygromycin resulting in complete inhibition was 9 mg L −1 . The reason for this difference may be that the peduncle has higher capacities of growth and differentiation, and needs higher concentrations of hygromycin to inhibit the growth of non-transformed cells. Moreover, a higher frequency of transformation (3.4%) was obtained for peduncle explants. However, this transformation frequency was lower than that obtained in recently reported studies on gene transformation of broccoli (cultivar Green Marvel), which were 5% for explant of shoot tips and 8.33% for hypocotyl explants . The difference may be resulted from different genotypes used. Generally, the growth and regeneration capacity of DH lines are weaker than F 1 hybrids because of the complete homozygosity. Therefore, it is more difficult but beneficial to obtain transformants of DH lines rather than F 1 cultivars. Overall, the transformed plants obtained in this study were successfully selected on media containing hygromycin (6 mg L −1 for hypocotyls and petioles and 9 mg L −1 for peduncles) without escapes. These findings were in accord with previous reports of Pandian et al. (2006) and Dutta et al. (2008) . The system of Agrobacterium-mediated transformation is desirable because it induces a low number of T-DNA copies (Shou et al. 2004) . Many studies have shown that single-gene insertion promoted the expression of co-introduced genes. In contrast, multiple copies in transgenic plants often reduce transgene activity (Dai et al. 2001; Trivellini et al. 2015) . In the present study, the results of Southern blot analysis indicated that most plants assessed carried only one copy of the inserted gene. There was no correlation between T-DNA copy number and the type of explant used for transformation. However, studies in other Brassica crops have found that Agrobacterium-mediated transformation often led to multiple copies of transgenes (Passelègue and Kerlan 1996; Damgaard et al. 1997) . Varying responses may be due to different genotypes, Agrobacterium strains, or antibiotics used.
In conclusion, the present study introduced a reliable system for plant regeneration and genetic transformation with three types of explants for a DH line of broccoli, and peduncle explant resulted in the highest transformation frequency. It provides an opportunity to introduce desired genes and study their functions in processes of plant growth and development of broccoli. Moreover, the transformation and regeneration system presented in this study may be applicable to other Brassica crops with further optimization.
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